Salix psammophila, a sandy shrub known as desert willow, is regarded as a potential biomass feedstock and plays an important role in maintaining local ecosystems. However, a lack of genomic data and efficient molecular markers limit the study of its population evolution and genetic breeding. In this study, chromosome counts, flow cytometry and SSR analyses indicated that S. psammophila is tetraploid. A total of 6,346 EST-SSRs were detected based on 71,458 de novo assembled unigenes from transcriptome data. Twenty-seven EST-SSR markers were developed to evaluate the genetic diversity and population structure of S. psammophila from eight natural populations in Northern China. High levels of genetic diversity (mean 10.63 alleles per locus; mean H E 0.689) were dectected in S. psammophila. The weak population structure and little genetic differentiation (pairwise F ST = 0.006-0.016) were found among Population 1-Population 7 (Pop1-Pop7; Inner Mongolia and Shaanxi), but Pop8 (Ningxia) was clearly separated from Pop1-Pop7 and moderate differentiation (pairwise F ST = 0.045-0.055) was detected between them, which may be influenced by local habitat conditions. Molecular variance analyses indicated that most of the genetic variation (94.27%) existed within populations. These results provide valuable genetic informations for natural resource conservation and breeding programme optimisation of S. psammophila.
, S. humboldtiana 22 , and three sub-arctic willow species (S. lanata, S. lapponum and S. herbacea) 23 . Based on these developed SSR markers, the reproduction dynamics, genetic diversity, population structure and gene flow have been investigated in several willow species. For example, both clonal growth and seedling recruitment are involved in the reproduction dynamics of S. reinii on the southeastern slope of Mount Fuji 24 . Sexual reproduction is predominant in S. lanata and S. lapponum at Coirre Sharroch of the Glen Clova Mountains, whereas clonal growth plays an important role in S. herbacea at Meall Ghaordie 25 . The levels of genetic differentiation among naturalised S. purpurea populations are higher than that among native S. eriocephala populations 26 . High levels of genetic diversity have been revealed in natural populations of S. daphnoides at the westernmost foothills of the Carpathian Mountains 27 and S. viminalis in the Czech Republic and Europe 28, 29 . Moreover, high levels of gene flow and genetic diversity of S. caprea have been detected in semi-natural woodlands across Ireland 30 . However, the study of molecular markers and population evolution of S. psammophila has received little attention. Thus, to speed up its marker-assisted selection breeding programmes, developing species-specific SSR markers for examining the genetic diversity and population structure of S. psammophila is essential.
Currently, research into S. psammophila is still at an early stage and the development of SSR markers is limited by the lack of genomic and transcriptomic information. In recent years, Illumina high-throughput sequencing technology has emerged as a powerful tool for obtaining genomic or transcriptomic data 31 . With the aid of this advanced technology, abundant transcript sequences have been obtained for many non-model plants (e.g., Cryptomeria japonica, Coffea arabica, Vigna radiate, Lavandula, Caragana korshinskii and Phaseolus vulgaris), and ample expressed sequence tag (EST)-SSR markers have been developed from the transcript sequences [32] [33] [34] [35] [36] . These studies indicate that it is efficient and feasible to mine microsatellites and develop markers using high-throughput transcriptome sequencing.
In this study, we performed chromosome counts and genome size estimation of S. psammophila, reported the first transcriptome sequencing from various tissues of S. psammophila, developed EST-SSR markers based on the transcriptome sequencing data, and analysed the genetic diversity and population structure of eight natural populations in Northern China. This work provides fundamental information for natural resource conservation and breeding programme optimisation of S. psammophila in the future.
Results
Chromosome counts and genome size estimation of S. psammophila. To reveal the ploidy level of S. psammophila, eight genets from different populations that represented the main distribution areas, including six populations from Inner Mongolia, one population from Shaanxi Province and one population from Ningxia Province (Fig. 1, Table 1 ), were used for chromosome counts in root tip squashes. As shown in Fig. 2 , the eight different genets had the same chromosome numbers, for 2n = 4x = 76. This indicated that S. psammophila is naturally tetraploid. Flow cytometry (FCM) technique was performed to estimate the genome size using the fresh leaves of 27 genets, including the eight genets used for chromosome counts and 19 additional genets. With its genome size of approximately 425-429 Mb, S. suchowensis 37 served as the internal reference standard. The ratio of the G1 peak means of S. psammophila to that of S. suchowensis was equal to 1.645, indicating that the genome size of S. psammophila is estimated to be approximately 699-706 Mb (Fig. S1 , Table S1 ).
Illumina sequencing, de novo assembly and functional annotation of unigenes. Equal quantities of RNA from five tissues including the root, stem, leaf, female catkin and male catkin of S. psammophila were mixed and used to construct a cDNA library for sequencing based on the Illumina HiSeq2500 platform. A total of 45,600,129 raw reads with paired-ends of 125 bp were obtained. After quality control, 44,343,202 clean reads (11.17 Gb) were retained. The GC content was 45.28%, and the Q20 and Q30 were 94.73% and 90.55%, respectively. With the aid of the short-reads assembling software Trinity, these clean reads were de novo assembled into 159,737 contigs, and then into 71,458 non-redundant unigenes, with an N50 length of 1,274 bp and a mean length of 713 bp (Fig. S2) . The sequencing data have been deposited in the NCBI Sequence Read Archive (http://www. ncbi.nlm.nih.gov/Traces/sra) under accession number SRA3189819.
To annotate the unigenes of S. psammophila using a bioinformatics approach, a sequence similarity search was conducted in six public databases ( Table 2 ). The results showed that 37,151 (51.99%) unigenes had significant matches in the non-redundant protein sequences (Nr) database; 21,556 (30.17%) had significant matches in the protein family (Pfam) database; 24,277 (33.97%) had significant matches in the Swiss-Prot database; 23,117 (32.35%) had significant matches in the Gene Ontology (GO) database; 19,425 (27.18%) had significant matches in the eukaryotic orthologue groups (KOG) database; and 7,268 (10.17%) had significant matches in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. A total of 37,465 (52.43%) unigenes were annotated in at least one of these databases. In the GO analyses (Fig. 3, Table S2 ), 23,117 unigenes were classified into three classes, including cellular component (12,607 unigenes), molecular function (19,102 unigenes) , and biological process (17,985 unigenes). There were 19,425 unigenes assigned to KOG classifications, which were divided into 25 specific categories (Fig. 4 , Table S3 ). The category of general functional prediction, which is associated with only basic physiological and metabolic functions, was the largest group, with 4,849 unigenes (22.28%); whereas the category, cell motility, was the smallest group, with only seven unigenes (0.03%). The KEGG pathway-based analyses is helpful for understanding the biological functions and interactions of genes. A total of 7,268 unigenes had significant matches in the KEGG database and were assigned to 116 biological pathways (Table S4 ). The pathway with the most annotated genes was ribosome (ko03010, 442 unigenes, 5.61%), followed by plant hormone signal transduction (ko04075, 271 unigenes, 3.44%), oxidative phosphorylation (ko00190, 255 unigenes, 3.24%), protein processing in endoplasmic reticulum (ko04141, 234 unigenes, 2.97%), spliceosome (ko03040, 214 unigenes, 2.72%), glycolysis/gluconeogenesis (ko00010, 209 unigenes, 2.65%) and RNA transport (ko03013, 205 unigenes, 2.60%).
Frequency and distribution of EST-SSRs in S. psammophila. All the unigenes were used to detect EST-SSRs. Of the 71,458 (50.97 Mb) unigenes of S. psammophila, 5,616 (7.86%) were determined to contain 6,346 SSRs. Among these developed SSRs, 424 (7.55%) contained two or more SSRs, and 403 (6.35%) comprised compound SSRs (Table 3 ). The frequency of EST-SSRs was one EST-SSR in 11.26 unigenes. The di-nucleotide motif was the most abundant (53.72%), followed by the tri-nucleotide (42.94%), tetra-nucleotide (2.77%), hexa-nucleotide (0.39%) and penta-nucleotide (0.17%) motifs (Table 3 ). There was a large proportion of both diand tri-nucleotides (96.66%), whilst the rest amounted to 3.34%. In total, 127 different SSR motifs were identified. Among them, the di-, tri-, tetra-, penta-and hexa-nucleotide repeats were of 6, 31, 54, 11 and 25 types, respectively (Table S5 ). The most abundant type was AG/CT (1,048, 16.51%), followed by GA/TC (1,024, 16.14%), AT/TA (878, 13.84%), GAA/TTC (274, 4.32%), AGA/TCT (225, 3.55%), AC/GT (220, 3.47%), AAG/CTT (215, 3.39%) and CA/TG (214, 3.37%) motifs. The remaining motifs accounted for 35.42%. The AG/CT repeat was the most abundant di-nucleotide motif, and the GAA/TTC repeat was the most abundant tri-nucleotide motif. Furthermore, there were few CG/GC and CCG/CGG motifs in S. psammophila, with 25 CG/GC and 12 CCG/ CGG motifs. Additionally, based on the length of the SSR sequence, the microsatellites were grouped into two classes: class I (12 ≤ n ≤ 20 nucleotides) and class II (n ≥ 20 nucleotides). As shown in Table S6 , most SSR repeats were distributed in class I, accounting for 89.41% (5,674 SSRs) of the total SSRs, whilst 10.59% (672 SSRs) had longer repeat sequences and were distributed in class II.
Genetic diversity of EST-SSR loci.
A total of 168 EST-SSR markers containing di-and tri-nucleotide repeats were randomly selected and primers were designed according to their flanking sequences. Of the 168 EST-SSR primers, 125 pairs showed successful amplification. Finally, 27 pairs that showed stable amplification and had multiple alleles were selected to analyse the genetic diversity and population structure of 240 S. psammophila genets from eight natural populations in Northern China (Table 1 ). These 27 loci were verified to be equally suited for an MAC-PR (microsatellite DNA allele counting-peak ratios) approach which calculated the ratios between the peak areas for two alleles in all samples where these two alleles occurred together (Table S7) . A summary of the genetic characteristics of S. psammophila based on 27 SSR markers was shown in Table 4 . In total, 287 alleles were amplified across the genets, with a mean of 10.63 observed alleles per locus. The expected heterozygosity (H E ) and the Shannon-Wiener index ranged from 0.436 to 0.883 and from 0.696 to 2.133, with averages Population structure, principal coordinate analyses (PCoA) and neighbour joining (NJ) phylogenetic analyses. Discriminant analyses of principal components (DAPC) 38 was used to analyse the genetic structure for 240 S. psammophila genets. The optimal number of PCs (45) was assessed using the optim.a.score function. The cluster membership probabilities of each genet based on the discriminant functions of DAPC were performed from K = 2 to K = 8 ( Fig. 5 ). Most genets (22 of 30) of Pop8 were separated from the other populations at K = 2 ( Fig. 5, Fig. S3 ). With the increase in cluster number, population subdivision was gradually generated among Pop1-Pop7. At K = 8, 22 genets of Pop8 were also retained in one cluster, five genets of Pop8 and four genets of Pop6 were assigned to another cluster; and remaining genets were interspersed among six other clusters (Fig. S4) .
PCoA was conducted and NJ phylogenetic trees were constructed to further assess the population genetic structure. The first three principal coordinates explained 14.37%, 11.23% and 7.64% individually, and explained 33.24% of the total variation (Fig. 6A ). The Nei's genetic distances (GDs) of the 240 S. psammophila genets were calculated, which ranged from 0.002 to 0.602, with an average of 0.387 (Table S8 ). Based on the GDs, an NJ tree was constructed (Fig. 6B) . The results of PCoA and the NJ phylogenetic tree were consistent with the DAPC analyses. Most genets of Pop8 (Ningxia) had relatively far genetic distances from other populations, and some genets of Pop6 were classified into the Pop8 group.
Furthermore, the GDs of the populations and the NJ phylogenetic tree were also used to evaluate the genetic relationships of the eight populations. As shown in Table 5 and Fig. 7 , the GDs among Pop1 to Pop7 were 0.028-0.068, and Pop4 was genetically more closely related to Pop5, with a GD 0.028, followed by Pop1 being closer to Pop4 and Pop5, with GDs of 0.033 and 0.038, respectively. The GDs of Pop8 from the other population were larger than the other combinations, ranging from 0.112 to 0.151, which indicate that the genets from Ningxia (Pop8) have a distant genetic relationship with the other seven populations. In particular, the genetic relationship between Pop3 and Pop8 was the farthest (GD 0.151).
Population differentiation and genetic diversity. To analyse the genetic differentiation among the eight populations, pairwise Wright's F ST was calculated using the "polysat" software in R package. The lowest genetic differentiation was detected between Pop4 and Pop5 (F ST = 0.006), and the greatest genetic differentiation was detected between Pop3 and Pop8 (F ST = 0.055) ( Table 5 ). The genetic differentiation among Pop1-Pop7 was generally low (average pairwise F ST = 0.011, range 0.006-0.016), whilst the genetic differentiation between Pop8 and Pop1-Pop7 was relatively high (average pairwise F ST = 0.050, range 0.045-0.055). The genetic differentiation between Pop8 and Pop6 (F ST = 0.045) was slightly lower than that between Pop8 and the six other populations ( Table 5) .
The genetic diversity of the eight populations was assessed, and the result was shown in Table 6 . Pop8 (Ningxia) had the lowest value for alleles per locus, H E , Shannon-Wiener index and PIC, suggesting that the genets from Ningxia have low genetic diversity compared with those from the Inner Mongolia and Shaanxi populations. Obvious differences in genetic diversity between Pop8 and the other seven populations were detected.
Analyses of molecular variance (AMOVA) indicated that 5.73% of the total molecular variance resided among eight populations, whilst 94.27% was attributed to variance within populations ( Table 7 ), suggesting that higher variation existes within populations than among populations of S. psammophila. To test the proportion of genetic variance between clusters with the K = 2 suggested by the DAPC analyses, AMOVA was performed and showed that 18.56% of the total molecular variance was attributed to between two clusters (Table 7) . Though the higher variation existed within clusters than among clusters, this variance proportion among clusters was higher than that among populations.
Discussion
The Salix genus comprises many species, among which polyploids are common [1] [2] [3] [4] . The approaches used for ploidy detection mainly include chromosome counts, FCM technique, and SSR analyses 2, 39 . In this study, S. psammophila was found to be tetraploid by chromosome counts. Second, using FCM technique, the G1 peak means of 19 additional genets were similar to that of the eight tetraploid genets, suggesting that these 19 genets are also tetraploids. The genome size of S. psammophila was estimated to be approximately 699-706 Mb, which is approximately 41 . Similar results of the genome size being inconsistent with the ploidy level were also observed in Chenopodium 42 and Avena 43 . One likely reason for this phenomenon is that some genes or chromosome fragments with functional redundancy had not doubled in a genome duplication event, or they were deleted after genome duplication event 44 . Finally, all 240 S. psammophila genets presented a maximum of four alleles at some loci in the SSR analyses, indicating that these genets are tetraploids. Multiple alleles were also detected in S. reinii using SSR markers, suggesting that S. reinii is polyploid; this inference was confirmed by the FCM technique 17, 24 . These results indicate that SSR marker analyses is a simple and efficient method for determining ploidy. Furthermore, our study did not find the variability of ploidy level in 240 S. psammophila genets. Other ploidy levels (i.e., 2x, 3x, 5x, 6x, etc.) of S. psammophila may exist in natural populations, and these materials are more meaningful for the study of genome evolution. Therefore, the intraspecific ploidy variation of S. psammophila requires further research.
Searching items Numbers
Some hypotheses suggest that polyploids have greater resistance to harsh arctic climates than diploids, or that polyploids are more successful than diploids in colonising after deglaciation 45 . In the Helix section, compared with other diploid willow species (S. suchowensis and S. purpurea) 37 , S. psammophila was verified to be tetraploid and mainly distributed in the desert regions in Northern China. Therefore, the tetraploid nature of S. psammophila may be associated with strong adaptability to infertile soil and harsh climatic environment. Moreover, polyploids have been reported to affect the gene expression at the transcription level compared with diploids. For example, studies in watermelon have shown that 5,362 and 1,288 genes were up-and down-regulated, respectively, in autotetraploid compared with diploid watermelon 46 . So further studies are required to reveal the reason for tetraploid formation and the effect on gene expression after genome duplication event in S. psammophila.
Recently, willows have become a focus of research as promising sources for bioenergy crops because of their short rotation coppice cycle and high biomass yields 1, 47 48, 49 . However, no genomic or transcriptomic data have been reported for S. psammophila. In our study, 71,458 non-redundant unigenes with a mean length of 713 bp were de novo assembled, and 37,465 (52.43%) unigenes were aligned to the sequences of six public databases. Based on these unigenes, 6,346 SSR loci were detected. The AG/CT repeat was the most abundant di-nucleotide motif, which is similar to S. babylonica, S. suchowensis, Populus and Eucalyptus; however, the most abundant tri-nucleotide motif was the GAA/TTC repeat, which differs from these species (AAG/CTT for Salix and Populus; CCG/CGG for Eucalyptus) 50 . The presence of few CG/GC and CCG/CGG motifs in S. psammophila agrees with previous studies that showed that CG/GC and CCG/CGG are very rare in dicotyledonous plants but common in monocots 51 . These transcript sequences and EST-SSR loci could facilitate further investigations in marker-trait association, quantitative trait locus mapping and genetic diversity analyses in S. psammophila.
As with other willow species, high levels of genetic diversity were found in 240 S. psammophila genets from eight natural populations in Northern China. The mean number of 10.63 alleles per locus and mean H E 0.689 were determined using 27 developed EST-SSR markers in S. psammophila, which was consistent with SSR-derived genetic diversity in S. viminalis (mean 6.95 alleles per locus and mean H E 0.65 within 84 individuals from seven sampled sites in the Czech Republic; mean 13.46 alleles per locus and mean H E 0.62 within 505 individuals from five populations in Europe) 28, 29 and S. caprea (mean 10 alleles per locus and mean H E 0.58 within 183 individuals from 21 semi-natural woodlands) 30 . Although the studied genets of S. psammophila were sampled within a 220 kilometres radius, it is a dioecious and cross-pollination species, and its pollen can disperse over long distances due to windy weather in the pollination period and few obstacles to airborne pollen flow in desert regions, which may explain its high levels of genetic diversity. The small seeds (thousand seed weight of approximately 0.1 g) of S. psammophila are wrapped in fine hairs that facilitate dispersal by wind. Moreover, the tetraploid nature of this species may be another reason for the high genotype diversity of S. psammophila.
AMOVA indicated that most (94.3%) of the total variance was within-population variance. This agrees with the results obtained for other Salicaceae species, such as S. viminalis (92.3%) 28 , Salix caprea (91.7%) 30 , Populus simonii (85.8%) 52 , P. euphratica (85.5%) and P. pruinosa (78.8%) 53 based on SSR markers. This result may have been obtained because Salicaceae species are generally dioecious and combine anemophilous and entomophilous pollination with an outcrossing breeding system and high dispersal ability, which could enhance intraspecific diversity and reduce population differentiation 27, 54, 55 . Additionally, the relatively small geographic range would see more frequent gene flow by pollen and seed dispersal and result in little differentiation among populations of S. psammophila. However, pollination dynamics and the mating system of S. psammophila remain to be poorly understood, and should be further studied to better understand the distribution of genetic variation.
The weak population structure and little genetic differentiation (pairwise F ST = 0.006-0.016) were found among Pop1-Pop7 (Inner Mongolia and Shaanxi), but Pop8 (Ningxia) was clearly separated from Pop1-Pop7, and moderate differentiation (pairwise F ST = 0.045-0.055) was detected between them. Previous studies have demonstrated that the habitat types or local environment conditions have a significant influence on the genetic diversity Table 6 . Genetic diversity of the eight populations of S. psammophila. Note: a no significant difference at the 0.05 level, b significant difference at the 0.05 level.
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and population structure in some plant species, such as Ranunculus acris 56 , Paris quadrifolia 57 , Rhododendron jinggangshanicum 58 and Tamarix chinensis 59 . In this study, the Pop1-Pop7 genets were sampled around Kubuqi desert or Mu Us Sandland with typical arid desert habitats, whilst the Pop8 genets were sampled around Haba Lake with wetland habitats. To adapt to these two different habitat conditions, the genotypes of S. psammophila were selected and appeared to differentiation during the long-term evolutionary process. A germplasm collection base of S. psammophila was established approximately 20 kilometres northeast of Pop1 in Inner Mongolia, with its habitat condition belonging to an arid desert habitat. In recent years, we found that most of Pop8 genets appeared dead due to unadaptability to the arid desert habitats in the germplasm collection base, and this phenomenon did not occur in Pop1-Pop7 genets, supporting above mentioned hypothesis. Moreover, the habitat variability could lead to different phenophases, which may constrain the gene flow between Pop8 and other populations. However, detailed reasons for the population genetic structure need to be further studied.
Methods
Plant materials and DNA extraction. To protect the germplasm resources and to carry out the molecular biology study of S. psammophila, the germplasm collection base of S. psammophila (E 110°38′ 59.1″ , N 40°14′ 15.5″ ) was established in Ordos Dalad, Inner Mongolia in 2008. In total, 21 S. psammophila populations were collected, including Inner Mongolia (15 populations), Shaanxi (4 populations) and Ningxia (2 populations); each population contained approximately 50 samples. To avoid sampling clones, each sample was randomly selected and separated by at least 50-100 m from the next sample. Two-year-old twigs were collected and cut into 15-20 cm cuttings. Subsequently, these cuttings were planted in the germplasm collection base of S. psammophila. In this study, eight populations covering the main natural distribution areas were selected from the 21 populations in the germplasm collection base for population genetic analyses of S. psammophila, and 30 genets were randomly sampled in each population. Details of the locations of the eight populations used in this study are shown in Fig. 1 and Table 1 . Fresh leaves were dried and stored in silica gel. DNA was isolated using the cetyltrimethylammonium bromide method 60 , and DNA quality and concentration were estimated using the NanoDrop system (Thermo Scientific, USA) and 1.0% agarose gel electrophoresis.
Chromosome counts. Eight genets (one from each of the eight natural populations) were used for chromosome counts. Twigs were collected from 1-year-old seedlings of S. psammophila and grown in hydroponic culture in a growth chamber under long-day conditions (16 h light/8 h dark) at 25 °C. When new roots grew out, root tip squashes were used to enumerate the chromosome number according to the method described in a previous study with some modifications 61, 62 . To obtain mitotic metaphases, root tips were pre-treated with 2 mM 8-hydroxyquinoline for approximately 2 h and washed three times with ddH 2 O. The root tips were fixed in Carnoy's fluid (absolute ethanol:glacial acetic acid, 3:1) for 24 h at room temperature, steeped in 90% ethanol for 30 min, and preserved in 70% ethanol at 4 °C. To prepare slides, roots were hydrolysed in 1 M hydrochloric acid for 15-20 min at 60 °C. The slides were prepared according to the squash technique with carbol fuchsin. Images were captured using Zeiss Axio Imager A1 microscope. The chromosome number was determined by counting more than ten well-spread chromosomal cells from each of the eight genets.
Flow cytometry measurements. The genome size of S. psammophila was estimated using flow cytometry (FACSCalibur cytometer, BD Bioscience) according to a previous protocol 63 . Fresh leaves of 27 genets, including the eight genets used for chromosome counts and 19 additional genets, were fully chopped with a razor blade in the presence of 2 ml lysis solution, filtered through a 300-μ m nylon mesh, collected in 5 ml glass tube, and centrifuged for 5 min at 5000 r·min −1 . After discarding the supernatant, the nuclei suspension was stained with 200 μ l propidium iodide (PI) at 4 °C for 30 min in the dark. S. suchowensis (approximately 425-429 Mb) 37 was used as an internal standard. The genome size was calculated based on the values of the G1 peak means as follows: sample genome size = [(sample G1 peak mean)/(standard G1 peak mean)] × standard genome size.
RNA isolation, library preparation, Illumina sequencing and de novo transcriptome assembly. Five tissues (root, stem, leaf, female catkin and male catkin) were obtained from an elite tree of S. psammophila. Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The quality and quantity of total RNA were determined by the NanoDrop system (Thermo Scientific, USA) and an Agilent2100 Bioanalyser (Agilent Technologies, USA). mRNAs were enriched with a NEBNext Poly (A) mRNA Magnetic Isolation Module (NEB, E7490). Equal quantities of enriched mRNAs of the five tissues were mixed and used as templates to synthesize cDNA. The cDNA library was constructed using the NEBNext Ultra mRNA Library Prep Master Mix Set for the Illumina (NEB, E7530) and NEBNext Multiplex Oligos for the Illumina (NEB, E7500) according to the manufacturer's instructions. Finally, the cDNA library was sequenced on an Illumina HiSeq2500 instrument by Biomarker Technologies Co. Ltd. (Beijing, China), with paired-end sequencing technology and read lengths of 125 bp. As a part of the quality control procedure, adapter sequences and low quality reads were filtered for subsequent analyses. The resulting high quality sequences were assembled using Trinity software 64 .
Unigene annotation and classification. For functional annotation and classification, the assembled unigenes were aligned using BLASTx alignment (E-value < 1 × 10 −5 ) with public databases, including the NCBI non-redundant protein sequences (Nr) database (http://www.ncbi.nlm.nih.gov/), the Swiss-Prot database (http:// www.expasy.ch/sprot/), the eukaryotic orthologue groups (KOG) database (http://www.ncbi.nlm.nih.gov/COG), the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg/), and the protein SSR loci identification and SSR markers. The obtained unigenes were used to identify potential SSRs using the MISA tool (http://pgrc.ipk-gatersleben.de/misa/). The parameters were designed to identify di-nucleotide motifs with a minimum of six repeats, and tri-, tetra-, penta-, and hexa-nucleotide motifs with a minimum of five repeats 34 . In total, 168 SSR primers were designed and synthesised by Thermo Fisher Scientific (Shanghai, China). Fluorescence-labelled TP-M13-SSR (SSR with a tailed M13 primer) analyses was performed as described by Schuelke 66 . PCR amplifications were performed in a reaction volume of 20 μ l, containing 100 ng template DNA, 1× PCR buffer (Takara, Dalian, China), 100 μ M each dNTP, 30 μ M MgCl 2 , 1.0 unit Taq DNA polymerase (Takara), 8 pmol each reverse primer and the M13 universal primer (5′ -TGTAAAACGACGGCCAGT-3′ ) that was fluorescently labelled with Cy5 at the 5′ terminus, and 2 pmol forward primer that was added to the M13 primer sequence to the 5′ terminus. PCR amplification was performed on an ABI Applied Biosystems instrument under following conditions: 94 °C for 5 min; 30 cycles at 94 °C for 30 s, 53 °C for 30 s and 72 °C for 30 s; 8 cycles at 94 °C for 30 s, 57 °C for 30 s and 72 °C for 30 s; and a final extension step at 72 °C for 10 min. The capillary electrophoretic separation of PCR products was performed using GenomeLab GeXP (Beckman Coulter, USA), and the data were analysed by the fragment analyses module of the system. Data analyses of genetic diversity and population structure. Using the MAC-PR method, all alleles of each locus were analysed in pairwise combinations to determine their dosages in the genets by calculating the ratios between peak areas 67 . The expected heterozygosity and Shannon-Wiener diversity indices were calculated using ATETRA version 1.2 (http://www.vub.ac.be/APNA/) 68 . The PIC of the SSR markers was calculated using PIC_CALC version 0.6 as described by Botstein et al. 69 . MI, as an overall measure of the efficiency to detect polymorphisms, was calculated as described by Powell et al. 70 . The genetic differentiation index (Wright's F ST ) was calculated using "polysat" software 71 in the R x64 3.2.3 package. DAPC 38 from the adegenet package version 2.0.1 72 in the R x64 3.2.3 package was used to analyse the genetic structure. This method does not need to take into account some assumptions about Hardy-Weinberg equilibrium and linkage disequilibrium. DAPC requires enough PCs to secure a space with sufficient power of discrimination but must also avoid retaining too many dimensions that lead to over-fitting 38 . Therefore, we chose the optimal number of principal components for DAPC using the optim.a.score function. The genetic distances between the genets and populations were calculated using Populations version 1.2.31 (http://www.bioinformatics.org/~tryphon/populations/) according to the method described by Nei et al. 73 . The genetic distance matrix was used to construct a dendrogram using the NJ method in MEGA version 6.06 74 . Further analyses of the genetic structure was performed by PCoA using GenAlEx version 6.5 75 , and a tri-scatter plot was generated using the R x64 3.2.3 package. To estimate the variance component and to partition the variation within and among populations and clusters, AMOVA was performed using GenAlEx 75 .
